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a b s t r a c t
Current theory suggests that ecosystem services in fragmented landscapes can be main-
tained by preserving connectivity of remaining habitat patches. However connectivity does
not always influence services positively. For example, outbreaks of destructive insect herbi-
vores can be facilitated by connectivity among forest patches. Understanding the positive
and negative effects of connectivity on ecosystem processes is needed to help scientists
and managers anticipate tradeoffs among services that result from forest fragmentation or
restoration. In this paper we use a vote counting meta-analytic approach in combination
with a literature survey to explore how connectivity affects ecosystem service provisioning
using insect herbivory as a model process. Our results indicate that landscape connectivity
affects herbivory in diverse ways, and that implications for services depend on whether
we consider outbreaking species. Under non-outbreak conditions, herbivory positively af-
fects services such as timber production, soil formation, and recreation by stimulating tree
growth and enhancing soil productivity, but under outbreak conditions, herbivory neg-
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atively affects services by reducing timber yields and the aesthetic value of forests. We
present a framework that shows herbivory is an importantmechanism throughwhich con-
nectivity affects ecosystem services. Using case studies we demonstrate the applicability
of the framework to management of two forest insect pests: the mountain pine beetle and
forest tent caterpillar.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Human activities such as land clearing for agriculture alter the composition and configuration of natural areas and affect
their ability to provide ecosystem services (ES) (Foley et al., 2005; Vitousek et al., 1997). Human activities are generally
focused on increasing provisioning ES such as food or timber, often at the expense of cultural and regulating ES such as
recreation or climate regulation (Tilman et al., 2011). Increasing landscape level connectivity has been proposed as one
way to mitigate the negative effects of human activities on ES (Calabrese and Fagan, 2004; Fischer and Lindenmayer, 2007;
Taylor et al., 1993). However, changes in connectivity, whether decreasing as a result of clearing for agriculture and urban
expansion, or increasing as a result of restoration and conservation, may have both positive and negative effects on ES
through complex interactions with different species and processes (Mitchell et al., 2013). Careful evaluation of the effects
of landscape connectivity on multiple ES are needed to identify tradeoffs that result from changes in connectivity.
Increased connectivity of habitat may enhance pollination by facilitating pollinator dispersal (Kremen et al., 2007).
Connectivity can also enhance the recreational value of forests by facilitating the movement and persistence of wildlife
(Coulon et al., 2004) and the movement of hunters and hikers (Vanderzee, 1990). Meta-community theory also suggests
that connectivity is important for maintaining biodiversity (Leibold et al., 2004), which according to the spatial-insurance
hypothesis (Leibold et al., 2004; Loreau et al., 2001, 2003) may enhance ecosystem function and improve ES indirectly
(Balvanera et al., 2006). For example, carbon sequestration may be positively affected by connectivity through its indirect
effects on tree species diversity (Ziter et al., 2013). Conversely, connectivity may also have detrimental effects on ES.
Increased spatial connectivity is known to facilitate the establishment and spread of diseases (Biek andReal, 2010; Blanchong
et al., 2008) and invasive species (Crowl et al., 2008). Connectivity in agricultural systems may facilitate the spread of crop
pests (Margosian et al., 2009). Occasionally, both positive and negative effects can be observed at the same time: in stream
systems connectivity enhances ES such as water quality by facilitating nutrient cycling and allowing the passage of water
filtering species such asmussels (Pringle, 2003). This same connectivity can degrade ES by facilitating the passage of invasive
or noxious species (Pringle, 2003).
There is little theoretical basis for understanding and predicting the consequences of changes in connectivity on ES.
Understanding when to expect increases, and when to prepare for decreases in ecosystem service provisioning can help us
better assess the consequences of different land use management strategies on multiple, interacting ES.
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1.1. Insect herbivory
Herbivory (see Glossary for definitions) is a dynamic process that interacts withmany other processes (Yang and Gratton,
2014), influences ES both negatively and positively (Schowalter, 2012), and is affected by landscape connectivity (Thies et al.,
2003; Tscharntke et al., 2002). These attributes make this process good model for studying how connectivity affects ES.
Although herbivory by vertebrates is important in many systems (e.g. Bryant et al., 1983; Ford and Grace, 1998 and van der
Wal et al., 2004), here we focus on herbivory by insects because less is understood of how the population dynamics of insect
herbivores (e.g. Myers and Cory, 2013) affect ES, and because insect herbivory has ubiquitous, and diverse relationshipswith
ES (Schowalter, 2012).
Insect herbivory (i.e. any transfer of energy from plants to insects through feeding) is a key ecosystem process that
influences many ES. For example, by influencing primary productivity (McNaughton et al., 1989) and modifying tree
growth, survival, and reproduction (Hochwender et al., 2003) insect herbivory can affect ES such as timber production
(Pedigo et al., 1986; Schowalter, 2012), and carbon sequestration (Dymond et al., 2010; Kurz et al., 2008). By influencing
tree species recruitment dynamics (Hochwender et al., 2003), modifying the demographics and succession of forests
(Barbosa et al., 2005), and enhancing forest biodiversity (Rinker and Lowman, 2004), herbivory affects the recreational
value of forests (Sheppard and Picard, 2006). Finally, by altering nutrient dynamics (Belovsky and Slade, 2000; Frost and
Hunter, 2004; le Mellec et al., 2011), insect herbivory can affect soil (Hunter, 2001) and water quality (Mikkelson et al.,
2013). There is little synthesis of the literature available on the effects of herbivory on ES, and most of the literature that
exists examines high or outbreaking levels of herbivory only (except see Schowalter (2012)). This leaves a critical gap in
research as herbivory is a dynamic process that fluctuates spatially and temporally, and with the population dynamics of
species.
The relationship between insect herbivores and ES depends on the amount of damage they inflict, which is governed
in part by their population dynamics. Outbreak species may be native or introduced (Kenis et al., 2009) and have a
disproportionately negative impact on ES compared to others due to their irruptive population dynamics and ability to
inflict high levels of damage (Liebhold, 2012; Wallner, 1987). These species may oscillate from periods of low population
density and defoliation or ‘latent’ periods to periods of high population density and defoliation or ‘outbreaks’. Conversely,
non-outbreak species tend to exhibit stable population dynamics at low densities, and therefore inflict less damage on
hosts, and affect ES differently than outbreak species. These population dynamics therefore likely affect the way we relate
herbivory as a process to ES.
The population dynamics of insect herbivores are highly sensitive to the spatial legacies created by land management
(Cappuccino et al., 1998; Kareiva, 1990; Robert et al., 2012) including changes in connectivity (Kruess, 2003; Thomas et al.,
2001). Connectivity affects herbivory by altering the movement and interactions among insect herbivores, their natural
enemies, and host plants (Tscharntke and Brandl, 2004). For example, less connected landscapes can result in increased
herbivory as herbivores are released from control by natural enemies (Kruess and Tscharntke, 2000; Terborgh, 2001; Roland,
1993). Alternatively, reduced connectivity can reduce herbivory as herbivores become less able to find resources (De La Vega
et al., 2012). Under some circumstances, connectivity does not affect herbivory (Souza et al., 2013; Jonsen and Fahrig, 1997).
There is no clear consensus emerging from this literature, and the effects of connectivity on herbivory seem to vary widely
among species and habitat types.
Although we know that herbivory is affected by changes in landscape connectivity, there are currently no frameworks
with which to assess the implications of such changes on ES. For example, little is known about the type of relationship
between herbivory and ES, and how this varies with respect to different services. Improved understanding of the
relationships among connectivity, herbivory and ES will therefore allow us to evaluate the effects of changes in
landscape structure on ES more thoroughly, and to guide future management decisions in a diverse set of ecosystem
types.
The purpose of this review and synthesis is to explore how landscape connectivity affects ES provision using insect
herbivory as a model system, driven by three interconnected objectives;
(1) Connectivity and herbivory: Determine how landscape connectivity affects insect herbivory and how this effect varies
in response to whether the herbivore is an outbreaking or non-outbreaking species, and in different ecosystem types.
(2) Herbivory and ecosystem services: Describe the relationships between herbivory and ES and determine if they vary
among provisioning, regulating, supporting and cultural services.
(3) Framework: Organize the results of objectives 1 and 2 into a diagrammatic conceptual framework for the purpose of
more easily understanding the effects of connectivity and insect herbivory on ES, and test the efficacy of the framework
using case studies.
2. Literature survey methods
To understand the effects of connectivity on herbivory (objective 1) and herbivory on ES (objective 2), we performed
two separate detailed literature reviews. The results of these reviews were then compiled into an easy to understand
framework (objective 3) in the formof a conceptual diagram.We thendemonstrate the efficacy of the frameworkusing 2 case
studies.
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2.1. The effects of connectivity on herbivory
We conducted a semi-quantitative literature review (e.g. Mitchell et al., 2013) that included papers that examine the
effects of connectivity on herbivory in any terrestrial natural or semi-natural ecosystem type, including forests, woodlands,
fields, grasslands, meadows, hedgerows, marshlands and pasture. We used four search engines (Pub Med, ISI Web of
Science, Scopus, Google Scholar), and searched for papers available online up to the end of 2014 with the following
combinations ofwords in their title, abstract, or keywords: ‘landscape structure’, ‘landscape connectivity’, or ‘fragmentation’
and ‘herbivore(s)’, ‘herbivory’, or ‘insect(s)’. Sixty eight of 136 papers were found to be relevant (i.e. examined the response
of herbivory or of herbivore populations to increased landscape connectivity), and retained for final analysis.
We determined whether the results of each paper indicated that there was an increase, decrease, no response, or
inconclusive responses (e.g., authors detected variability among years, species, etc.) of herbivory or herbivore abundance
to increased connectivity. Although there are exceptions, here we assume that population sizes of insect herbivores are
roughly correlated with the amount of damage they inflict. We defined connectivity as the degree to which the landscape
facilitates movement of species and matter (Taylor et al., 1993; Fischer and Lindenmayer, 2007), thus we included both
structural components, such as composition and configuration of habitat patches, and functional components, such as
organism responses to landscape heterogeneity.
Next, we examined whether ecosystem type, or the type of population dynamics of the species, was correlated with the
herbivore response to connectivity. After classifying ecosystem type and whether the species was non-outbreak (i.e. has
stable population dynamics) or an outbreak species (i.e. has cyclic or eruptive population dynamics), we simply tallied the
number of papers in each category using a vote counting methodology (e.g., Debinski and Holt, 2000 and Mitchell et al.,
2013).
2.2. The effects of herbivory on ecosystem services
We used a second literature review to develop predictions of the relationships between herbivory and ES at low and high
levels of herbivory. These predictions could allowus to account for variation in feeding levels of insect herbivores (e.g. caused
by non-outbreak vs. outbreak species), and/or changes over time (e.g. population cycles of outbreaking insects from latent
to outbreak periods).
We focused on forest ecosystems because this iswhere the effects of insect herbivory on ES has been frequently examined
(e.g. Schowalter, 2012) and because forests are providers of a diverse and important set of ES (Krieger, 2001). In our review
of the literature, we examined four key forest ES: timber production (provisioning), carbon sequestration (regulating),
recreation in forests (cultural), and soil production (supporting/ecosystem process). We searched for papers published
up to the end of 2014 using all combinations of the following search terms: ‘ecosystem service(s)’ and ‘insect herbivory’,
‘herbivore(s)’, or ‘insect(s)’. We then narrowed our search down to target specific ES by searching combinations of ‘insect
herbivore(s)’ or ‘insect herbivory’ and each service: ‘timber production’ or ‘timber value’, ‘carbon sequestration’ or ‘climate
regulation’, ‘soil production’ or ‘nutrient cycling’, ‘recreation’ or ‘recreational value’ or ‘forest recreation’.We also considered
references cited in those relevant papers we found.
For each service category, we determined the level of herbivory each paper measured (low/ high), and assessed the
response of the service to each level, and whether the strength of the effects were weak, moderate, or strong. We then
determined if the service measured in the study was positively, or negatively affected by the level of herbivory. We used
this information to assess the relationships between increasing amounts of herbivory and each ES.
2.3. Framework
We used the results of the two previous literature reviews to build a conceptual framework (in the form of a diagram)
summarizing the possible relationships between landscape connectivity and herbivory, and between herbivory and ES.
The diagram allows the reader to consider scenarios of changing landscape connectivity, and understand the possible
implications for herbivory, and the ES that herbivorymay affect.We then explored how it can informmanagement decisions
by applying it to two specific case studies. In the first case study, we use the available literature to explore the effects of
connectivity themountain pine beetle (MPB;Dendroctonous ponderosae), a native forest insect pest that is known to respond
positively to landscape connectivity (Raffa et al., 2008; Safranyik et al., 2010; James et al., 2011). In the second case study, we
use the available literature to explore the effects of connectivity on forest tent caterpillar (Malacosoma disstria) dynamics,
another native irruptive species that responds negatively to landscape connectivity (Cooke and Roland, 2000).
3. Results and discussion
3.1. Connectivity and herbivory
We found no consensus in the literature about the effects of connectivity on insect herbivory. Most studies (33 out of
68 papers) found greater herbivory with increased connectivity (Fig. 1(b)). The remainder of the studies found less (19), no
change (12), or inconclusive results (4).
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Fig. 1. Summary of the literature survey examining the response of herbivory to increases in landscape connectivity. (a) The proportion of published
papers in each ecosystem type. (b) The proportion of published papers that find more herbivory (MORE), less herbivory (LESS), no change in herbivory
(NC), or inconsistent (INC) changes in herbivory in response to increased landscape connectivity (centre), the proportion of studies that dealt with species
with outbreaking or non-outbreaking population dynamics (top), and the number of studies in each ecosystem type (bottom).
3.1.1. Ecosystem type
The most common landscape types reviewed were forests and woodlands (37 out of 68 papers). Other ecosystems
included agricultural areas like fields (8) and croplands (5), and semi-natural areas such as grasslands (9), meadows (2),
hedgerows (2), marshlands (1) pastures (1) and mixed ecosystems (3) (Fig. 2(a)). Of thestudies that found more herbivory
with increased landscape connectivity, most took place in forest ecosystems (67%), and there was a much more even
distribution of ecosystem types that found less, no change, or inconclusive results (Fig. 1(b)). These results could suggests
that herbivores, at least in forest ecosystems, are more likely to respond positively than negatively to increased landscape
connectivity (for example, 60% of forest studies found more herbivory with connectivity than other responses). Studies in
other ecosystem types did not show as clear of a trend as those in forests, perhaps because there were fewer studies taking
place in other ecosystem types (Fig. 1(b)). These results emphasize the usefulness of forest insects as models for studying
land use effects on herbivory, but also encourages the further study of insect herbivores in other ecological systems to better
understand the effects of connectivity on herbivory.
3.1.2. Population dynamics
There were a similar proportion of papers that considered species with outbreak and non-outbreak population dynamics
in each of the four responses to connectivity (i.e. more, less, no change, or inconsistent) (Fig. 1(b)). These results suggest
that landscape connectivity can be used to mitigate the effects of insect outbreaks, but whether to enhance or reduce
landscape connectivity will depend on the species, and the context in question. Even studies on the same species (e.g. forest
tent caterpillar) in different landscape types (Aspen stands in Canada vs. Maple stands in the USA) have found contrasting
results in how this species responds to changes in landscape structure (Roland, 1993; Wood et al., 2010). These results not
unsurprisingly draw our attention to the difficulty in prescribing a single management strategy to control insect outbreaks,
and suggest that greater focus must be placed on understanding species-specific responses to connectivity. One suggestion
is to examine the role of life history characteristics of herbivore species driving responses to connectivity since these are
important factors governing the response of species to landscape structure (Ewers and Didham, 2006).
78 D.Y. Maguire et al. / Global Ecology and Conservation 4 (2015) 73–84
Ef
fe
ct
 o
n 
Ti
m
be
r P
ro
du
ct
io
n
Ef
fe
ct
 o
n 
Ca
rb
on
 S
eq
ue
st
ra
tio
n
OutbreakNon-Outbreak
Amount of Herbivory
Amount of Herbivory Amount of Herbivory
OutbreakNon-Outbreak
Amount of Herbivory
+
-
OutbreakNon-Outbreak OutbreakNon-Outbreak
+
-
Carbon
6
12.0107
Ef
fe
ct
 o
n 
Ae
st
he
tic
 V
al
ue
Ef
fe
ct
 o
n 
So
il Q
ua
lity
a b
c d
+
-
+
-
Fig. 2. Visual representations of the hypothesized relationships between insect herbivory and ecosystem services. Specifically (a) timber production,
(b) aesthetic value of forests, (c) soil formation and (d) carbon sequestration. Graphs are divided into four sections representing positive and negative
effects of herbivory on ES, during non-outbreak (low) vs. outbreak (high) levels of herbivory. Quadrants are coloured differently based on the hypothesized
strength of the effect of herbivory on ES: weak (light grey), moderate (dark grey) and strong (black). Proposed relationships are derived from synthesis of
the available literature.
3.2. Herbivory and ecosystem services
3.2.1. Provisioning service: timber production
The relationship between herbivory and timber yield (Fig. 2(a)) indicates a moderate positive effect of herbivory on
timber at low (non-outbreak) levels of herbivory, and a strong negative effect at high (outbreak) levels. This is based on the
observation that initially, damage caused by herbivory either has no effect on growth increment (which affects yield), or a
moderate positive effect. The positive effect may occur when plants compensate in response to herbivory (Belsky, 1986),
and can result in an increase in timber yield even at larger scales (Dyer et al., 1993; Muzika and Liebhold, 1999; Schowalter
and Hargrove, 1986). Beyond some threshold, injury levels begin to have a strong negative effect, where yield significantly
decreases with injury level (Pedigo et al., 1986).
Research on insect herbivory and timber production has typically been focused on outbreaking species (e.g., Kulman,
1971 and Schowalter, 2012). While some research suggests low to moderate herbivory can be good for timber yield,
there is a paucity of research quantifying these effects, unless it is to determine thresholds for economically efficient pest
management (Brandt, 1995; Pedigo et al., 1986). The point at which herbivory negatively affects yield depends on many
factors including the tree species (Baraza et al., 2010; Brandt, 1995), the insect involved (Pedigo et al., 1986), site condition
and tree ‘‘health’’ (Fuentealba and Bauce, 2012; Schowalter and Hargrove, 1986) and the number of years of consecutive
defoliation (Schowalter et al., 2011).
3.2.2. Cultural service: aesthetic value of forests
Herbivory affects cultural services such as the aesthetic value of forests (Ribe, 1989) with weak positive effects during
low (non-outbreak) levels of herbivory and moderately negative effects during outbreaks (Fig. 2(b)). This is based on
the observation that at low and moderate levels, defoliation can have subtle positive effects on forest aesthetics due to
increased sunlight and reduced tree density that occurs as a result of herbivory (Sheppard and Picard, 2006; Müller and
Job, 2009). However, at higher (outbreak) levels, visual quality may decrease, and the aesthetic value of forests can become
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compromised (Hollenhorst et al., 1993) if there is noticeable dead and dying foliage or branches (Buhyoff and Leuschner,
1978) as well as frass deposition. The precise nature of this relationship varies with forest type (Sheppard and Picard, 2006),
and the insect feeding style (e.g., defoliator vs. cambium feeder). This relationship may also differ between coniferous or
deciduous forest types (Sheppard and Picard, 2006).
3.2.3. Supporting service: soil quality
The relationship between herbivory and soil quality (Fig. 2(c)) suggests that low (non-outbreak) levels of herbivory
have positive weak affects on soil quality, that increase during high (outbreak) levels. This is based on the observation that
herbivory does not affect soil quality at very low levels (Chapman et al., 2003; Stadler et al., 2001), however, at moderate
levels soil quality is improved due to significant inputs of frass, abscised leaves, and bodies to the forest floor (Chapman et al.,
2003; Frost and Hunter, 2007; Hunter et al., 2003; leMellec et al., 2011; Schowalter, 2012). Soil quality continues to improve
even after severe or complete defoliation in both the short (Clow et al., 2011) and long term. For example, nutrient inputs
after insect outbreaks can continue to have positive effects on future forest growth and productivity up to 30 years post
outbreak (Griffin et al., 2011 and references therein). However, these long-term effects may actually be due to the increase
in downed wood, and not directly related to herbivory (Griffin et al., 2011). Furthermore, plant and herbivore composition,
microclimatic changes as a result of herbivory, underlying site conditions, and other sources of nutrient inputsmay influence
this relationship (Schowalter and Hargrove, 1986).
3.2.4. Regulating service: carbon sequestration
The relationship between herbivory and carbon sequestration (Fig. 2(d)) shows that low (non-outbreak) levels of
herbivory have strongpositive effects on carbon sequestrationwhile high (outbreak) levels of herbivory have strongnegative
effects. This is based on the observation that large increases in carbon sequestration at low to moderate levels of defoliation
may be observed because stimulation of plant (DeLucia, 1999; McNaughton et al., 1989), and soil (Metcalfe et al., 2013)
productivity increase carbon uptake. However, during periods of outbreak, large amounts of defoliation cause significant
reductions in tree growth and increased mortality, which convert forests that were carbon sinks, into carbon sources
(Dymond et al., 2010; Kurz et al., 2008). Furthermore, recent research shows that increased herbivory in response to elevated
CO2 could reduce the ability of forests to serve as carbon sinks in scenarios of climate change (Couture et al., 2015).
3.2.5. Summary of the relationships between herbivory and ES
We have shown that the relationship between herbivory and ES is unique for each service, and likely non-linear. We
also found that the role of herbivory in ES provisioning depends on its intensity, which in turn depends on the population
dynamics of the species. For example while non-outbreak species tend to maintain low to moderate levels of feeding,
outbreak species will fluctuate from low levels of feeding or ‘‘latent’’ periods to high levels or outbreak periods.
We found that low tomoderate levels of feeding, found in non-outbreaking or ‘‘latent’’ periods, seem to provide an overall
benefit to ES such as timber production, the aesthetic value of forests, soil quality, and carbon sequestration. Since most of
the literature is still focused on negative effects of outbreaks, we believe these results provide incentive for further studies
on the benefits of low or moderate levels of herbivory to ES. We find that high levels of feeding, found during outbreaks, are
detrimental to most ES (with the exception of soil formation). However, more research is needed to assess the positive and
negative short and long-term effects of outbreaks on forest ES (Schowalter, 2012), as well as interactions between outbreaks
and other processes and disturbances (Paine et al., 1998) affecting ES.
3.3. Framework
We have summarized the results of objectives 1 and 2 in a conceptual framework (Fig. 3) which illustrates that insect
herbivory can be used as a model to understand flows between landscape connectivity and ecosystem services. From the
framework, we see that:
• Changes in connectivity may result in more, less or no change in connectivity, depending on the species and system
involved.
• Herbivory has unique relationships with different ES that depend on the amount of defoliation (governed by insect
population dynamics). While non-outbreak species generally inflict low levels of damage, the level of damage inflicted
by outbreak species varies depending on whether it is in the latent or outbreaking phase.
• Changes in landscape connectivity alone will not eliminate outbreaks. Such changes may nonetheless reduce the extent
and severity of outbreaks (i.e. create more areas with ‘‘latent’’ levels of herbivory), which will positively affect services.
We assume that small fluctuations in low tomoderate levels of herbivory as a result of connectivity changewill positively
affect services if considering non-outbreak species/communities.
Asmore emphasis is placed onmanaging landscapes sustainably for the provision ofmultiple ES (e.g. Bennett et al., 2009;
Chan et al., 2006 and Nicholson et al., 2009), it is important that managers be able to anticipate the positive and negative
effects of land use decisions (such as those affecting connectivity) on ES. Our framework (Fig. 3) can helpmanagers anticipate
the indirect effects of connectivity change on ES affected by herbivory by following these steps:
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Fig. 3. Conceptual framework illustrating how herbivory acts as a mechanism through which landscape connectivity affects ecosystem service provision.
The diagram illustrates the types of relationships (arrows) between connectivity, insect herbivory, and ecosystem services.Whether herbivory has positive
or negative effects on services is indicated by positive and negative symbols (+/−). Low to moderate levels of herbivory by non-outbreaking species or
outbreaking species in the latent phase, have positive effects on services, while outbreaks have negative effects on services. For a given landscape, one can
follow steps 1–3 to help predict how changes in connectivity will alter ES provision via indirect effects on herbivory. Connectivity can either maintain
populations of non-outbreak species, or reduce the extent and duration of outbreaks (positively affecting ecosystem services), or facilitate outbreaks
(negatively affecting ecosystem services).
(1) Assess how connectivity might affect herbivory in a given ecosystem. Since the effect of connectivity depends on the
species and system involved, managers need to use the available literature to determine if there are species in a region
that are likely to inflict more, less, or no feeding damage with changes in landscape connectivity.
(2) Assess the implications for ES by determining if those herbivore species are outbreak species with the potential to reach
high populations and be of economic concern, or whether they are non-outbreak species who’s fluctuations in response
to connectivity might be too small to make a difference for services. If they are outbreak species, do the changes in
connectivity help tomaintain areaswith latent phase levels of defoliation, or do they facilitate greater extent and severity
of outbreaks?
(3) Based on how herbivore species of interest respond to connectivity, and their population dynamics, one can determine
whether management strategies that alter landscape connectivity will have positive or negative effects on ES, and
anticipate tradeoffs resulting from the indirect effects of insect herbivores.
3.4. Case studies
3.4.1. Case study 1: negative effects of connectivity on services caused by herbivory
The Mountain Pine Beetle (Dendroctonus ponderosae; MPB) is a native outbreaking forest insect pest that is having
devastating effects on forests throughout western North America as a result of its recent outbreak. This pest has resulted
in billions of dollars in damage and losses to the timber industry (Seidl et al., 2008), it has significantly reduced forest area
for carbon sequestration (Kurz et al., 2008), and water quality in the region as well (Uunila et al., 2006). Past management
strategies such as fire suppression, and clear cutting have resulted in large homogeneous uninterrupted (connected) tracts
of this beetle’s host species (pine), which interact with climatewarming (Aukema et al., 2008), to produce an unprecedented
outbreak (Bone et al., 2013; James et al., 2011; Raffa et al., 2008; Safranyik et al., 2010).
We can use our framework to understand how connectivity, the MPB outbreak, and ES are related in order to better
inform futuremanagement strategies as follows (illustrated in Fig. 4(a)) (1)We know thatmanagement decisions that result
in increased connectivity of the MPB’s host (pine) is likely going to increase the establishment and spread of this species
(Aukema et al., 2008). (2) We know that we are dealing with a native pest species, with outbreaking population dynamics,
which will likely negatively affect ES, especially given the recent extent of damage caused by the MPB (Seidl et al., 2008).
(3) Taken together we can see that past management focused solely on optimizing timber production (Hennigar et al., 2013)
may be convenient in the short term, but the connectivity among MPB host that results may have long term negative
feedbacks on ES (e.g. carbon sequestration, recreational value, soil and water quality, ability to support biodiversity)
including timber production (Uunila et al., 2006; Kurz et al., 2008). Therefore, using this framework, managers can more
explicitly visualize, and anticipate the positive and negative short and long-term effects of changing landscape structure
(i.e. connectivity) on forest ES affected by outbreaking insect pests. They can plan against management scenarios that
enhance landscape connectivity, and would indirectly facilitate or worsen outbreaks.
3.4.2. Case study 2: positive effects of connectivity and services affected by herbivory
The forest tent caterpillar (Malacosoma disstria; FTC) is a native pest, and widespread defoliator of aspen in the boreal
forest of North America that outbreaks approximately every decade (Cooke and Lorenzetti, 2006). Unlike the MPB, reduced
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(a) Case Study 1: Mountain Pine Beetle.
(b) Case Study 2: Forest Tent Caterpillar.
Fig. 4. Diagramof how to apply the framework for (a) case study 1:mountain pine beetle, and (b) case study 2: forest tent caterpillar. The diagram illustrates
the types of relationships (arrows) between connectivity, insect herbivory, and ecosystem services. Whether herbivory has positive or negative effects on
services is indicated by positive and negative symbols (+/−). Low to moderate levels of herbivory by non-outbreaking species or outbreaking species
in the latent phase, have positive effects on services, while outbreaks have negative effects on services. Connectivity can either maintain populations of
non-outbreak species, or reduce the extent and duration of outbreaks (positively affecting ecosystem services), or facilitate outbreaks (negatively affecting
ecosystem services). Red arrows illustrate the specific relationships emerging from the case studies.
connectivity among host trees as a result of forest fragmentation may benefit this species. The parasitoid species that
normally control FTC populationsmay be negatively affected by fragmentation of its host populations (Roland, 1993; Roland
and Taylor, 1997), as they become isolated and difficult to locate (Roland and Taylor, 1997). This disrupts the population
dynamics of both the FTC and its natural enemies and releases FTC from predation pressure (Cooke and Roland, 2000),
resulting in increased intensity and duration of outbreaks, and lasting consequences for the ES provided by these forests.
Using this framework again, we can see how connectivity, FTC outbreaks, and ES are related in order to better inform
future management strategies: (1) We know that increased host connectivity can regulate, or reduce the damage caused by
FTC (in certain ecosystems) by facilitating regulation by its natural enemies (Roland and Taylor, 1997; Cooke and Roland,
2000). (2) The FTC is a native pest species that has the potential for periodic outbreaks, which may have negative or positive
effects on ES depending on the phase of outbreak (latent or outbreak) (Cooke and Lorenzetti, 2006). (3) Taken together,
we see in Fig. 4(b) that maintaining connectivity in agricultural landscapes where FTC is a problem may reduce the extent
and severity of outbreaks, resulting in positive effects (or fewer negative effects) on ES affected by herbivory (Cooke and
Roland, 2000) such as timber, carbon, aesthetic values of forests, and soil and water quality, as well as other ES that benefit
from enhanced connectivity in agricultural landscapes such as pest control, pollination services, and protection against
agricultural runoff (Mitchell et al., 2013). This framework can therefore allowmanagers to visualize even broader synergies,
or ‘‘win–win’’ scenarios for multiple ES that might otherwise be missed.
4. Conclusions
Herbivory by insects is an important process to consider in the context of ES and landscape connectivity. Herbivory is
sensitive to management decisions at the landscape scale, and has complex relationships with ES. For example, we found
that herbivory responds to changes in connectivity in diverse ways (more, less, or no change), and is dependent on the
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species and system considered. We have also shown that herbivory has unique relationships with ES that are determined
in part by whether the species are outbreaking or non-outbreaking. Our review emphasizes the importance of considering
herbivory as an ecosystem process that can mediate the effects of land use change on ES, and thanks to the framework
developed in this paper, it is now possible to do that. This information can help land managers think more broadly about
the costs and benefits of landscapemanagement on the provision of multiple ES. Finally, we believe this framework, and the
methods used to attain it, can be usedmore generally as a launching point for future studies of the effects of connectivity and
other ecosystem processes on ES. By providing a means to weigh the positive and negative effects of landscape connectivity
on herbivory, and the corresponding positive and negative effects on ES, this information can be used to better manage
landscapes for the provision of a diverse and sustainable set of ES.
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Glossary
Ecosystem services: The benefits people obtain from ecosystems that support survival and quality of life. Ecosystem
services are supported by ecosystemprocesses. Ecosystemservices can be provisioning (e.g. food, fibre,medicinal resources),
regulating (e.g. carbon sequestration, flood control, soil formation) and cultural (e.g. recreation, hunting and spiritual value
of ecosystems).
Ecosystem process: The interactions among biotic and abiotic components of an ecosystem. This includes primary
productivity, trophic transfers from plants to animals (e.g. herbivory, predation), nutrient cycling, decomposition, and heat
transfer. Here we consider the term ecosystem process to be interchangeable with ecosystem function.
Insect herbivory: An ecosystem process involving the transfer of energy from plants to insects through feeding. Insect
herbivores, also known as phytophages, are insects that feed at any life stage on any plant tissue or product including leaves,
stems, bark, roots via any means such as chewing, sucking, or boring.
Non-outbreak species: Non-abundant or rare herbivore species that exist at low population densities, and often exhibit
stable equilibrium population dynamics.
Outbreaking species: Herbivore species that exhibit unstable cyclic and irruptive population dynamics. As a result there
are periods where these species may occur at high densities (outbreak phase) and low densities (latent phase).
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